INTRODUCTION
Until recently, a long-established dogma in biology was that all life on earth is conveniently divided into two kingdoms: eukaryotes that possess nuclei and prokaryotes that do not. However, 16S rRNA sequence analyses in the 1970s indicated that the prokaryotic world is not a single coherent entity, but, instead, is divided into two distinct groups, the eubacteria and the archaebacteria (1). Interestingly, these studies indicated that the two groups of prokaryotes are at least as diverged from one another as they are from eukaryotes. Subsequent molecular comparisons of other conserved RNAs and proteins have reinforced this conclusion (2, 3) . This has led to the proposal to introduce the 'domain' as a new taxonomic level and to divide life on earth into three primary domains: Bacteria, Archaea and Eucarya (3) .
Whereas a large amount of research has been directed towards determining the mechanism and regulation of transcription in GenBank accession no. U2341 9 Eucarya and Bacteria, relatively little work has been conducted on archaeal transcription systems. Over the past few years, however, several lines of evidence have suggested that the transcription systems of Archaea and Eucarya are fundamentally homologous. Although Archaea possess just one DNA-dependent RNA polymerase, this enzyme consists of -12 subunits and is therefore similar in its structural complexity to eukaryotic nuclear RNA polymerases (4) . In contrast, bacterial RNA polymerases contain three core subunits (X, e and 'Y, and a tightly associated a factor (5) . Immunochemical and sequence analyses have revealed that the two largest RNA polymerase subunits of Sulfolobus acidocaldarius are more related to their eukaryotic counterparts than to those of Bacteria (4, 6, 7) . Furthermore, several archaeal RNA polymerase subunits appear to have counterparts in Eucarya, but not in Bacteria (8) .
Homologies also exist between archaeal and eukaryotic transcriptional promoter regions. The vast majority of characterized archaeal genes possess an A/T-rich element, the A-box, centred around 27 bp upstream of the transcriptional initiation site. Several studies have indicated that this motif, with a consensus sequence of TT'l''AWA, has an important role in directing RNA polymerase to the correct transcriptional start site (9, 10) . This element therefore resembles the TATA-box of eukaryotic RNA polymerase II promoters in both function and sequence. Furthermore, as in eukaryotes, specific and efficient transcriptional initiation from archaeal promoters depends on one or more factors that can be readily separated from the RNA polymerase (11) (12) (13) . These observations suggest that homologues of eukaryotic general and regulatory transcription factors might exist in Archaea. This speculation has been validated recently by the discovery of a Pyrococcus woesei protein that is related to the eukaryotic RNA polymerase II transcription factor TFIIB (14, 15) and the identification of TATA-box binding protein (TBP) homologues in Thermococcus celer and Pwoesei (16, 17) . Studies into the transcriptional machineries of Archaea are therefore likely to have important implications for our understanding of the evolution and functioning of the eukaryotic transcriptional apparatus.
Most evolutionary comparisons indicate that although the Archaea is a monophyletic group, and that it can be divided into two highly diverged kingdoms (3): the Crenarchaeota represent-ing thermophilic sulphur-dependent organisms such as Sulfolobus spp. and the Euryarchaeota comprising the methanogens and extreme thermophiles such as Tceler and Pwoesei. Indeed, so divergent are these kingdoms that some analyses have suggested that they do not group together at all and, instead, suggest that the crenarchaeotes might be more related to eukaryotes than are the euryarchaeotes (18, 19) . In the light of this, it would clearly be of great interest to ascertain whether TBP and/or TFB exist in crenarchaeotes such as Sulfolobus and to determine their relatedness to homologues in other systems. The identification of Sulfolobus transcription factors would also have practical advantages, because Sulfolobus has several features that make it the system of choice for studying transcription in Archaea. First, unlike many Archaea, Sulfolobus can be grown easily under aerobic conditions. Secondly, a Sulfolobus in vitro transcription system has been established and has been used to characterize in detail the 16S/23S rRNA gene promoter (9, 12) . Thirdly, the Sulfolobus DNA-dependent RNA polymerase has been purified and most of its subunits cloned (4 
MATERIALS AND METHODS
Polymerase chain reactions (PCR) Degenerate primers 316 (5'-TAYGARCCIGARCARTTYCC-NGG-3') and 318 (5'-ACRATYTrICCISWNSWRAA-3') were used to amplify a segment of the S.shibatae TBP gene using low stringency PCR as described previously (17) .
Construction and screening of a S.shibatae genomic library The predigested X-ZAP Express BamHI/CIAP vector cloning kit and packaging extracts were purchased from Sftatagene. S.shibatae genomic DNA was partially digested with Sau3A and fragments ranging in size from 0.5 to 2.5 kb were ligated to the arms and packaged according to the manufacturer's instructions. Screening of the library was performed according to standard procedures (20) . Plasmids from the recombinant phage were excised using the ExAssist system (Stratagene).
DNA sequencing and sequence analyses Plasmid DNAs were purified by centrifugation on CsCl2 gradients and were sequenced with Sequenase version 2.0 (US Biochemicals) according to the manufacturer's instructions. The sequence of both strands was determined using primer walking. The accession number for the S.shibatae TBP sequence is U23419 (GenBank). Database searches for homologous DNA and protein sequences were performed using the FASTA program and the electronic mail-based BLAST server (21, 22) . Sequence alignments were performed with the UWGCG package using the BESTFEIT, PILEUP and LINEUP programs (23) Immunodepletion of TBP from S.shibate extracts Protein-A Sepharose beads (100 p1) were washed in phosphatebuffered saline, then 100 1 anti-TBP antiserum was added and the mixture left on ice for 1 h with occasional mixing. The beads were then washed thoroughly with transcription buffer and subsequently incubated on ice for 3 h with 150 pl S.shibatae cell extract (1.5 mg total protein). After centnifugation, the extract was removed, frozen in liquid N2 and stored at -70°C.
Construction of templates, in vitro transcription and DNA binding assays Based on the S.shibatae 16S/23S rRNA gene promoter, two double-stranded oligonucleotides, one containing the A-box and initiator (yR) and the other containing only the yR sequence (see Fig. 3A ) were cloned into the EcoRV site of pBluescript H SK (Stratagene) to yield the plasmids pAB-4 and pAB-2 respectively. In vitro transcription reactions were carried out essentially as described (12) The figures comprising the lower left triangle show the fraction of identical amino acids between each pair of TBPs from the alignments depicted in Figure 1 and eukaryotes, we analysed the relationships between the TBP molecules of these three groups. In several ways the S.shibatae protein is more related to the TBPs of T.celer and P.woesei than to those of eukaryotes. First, all three archaeal TBPs comprise essentially just the core domain and possess very short N-terminal extensions. This contrasts with the appreciable N-terminal regions that are found commonly in eukaryotic TBPs. Secondly, all the archaeal proteins are acidic, having pl values ranging from 4.7 to 5.9, whereas the pl for the core domains of eukaryotic TBP molecules is typically -10.3. It is tempting to speculate that these features of the archaeal proteins might be adaptations to the high temperature growth conditions of these organisms.
In spite of the similarities between the archaeal TBPs noted above, sequence identity comparisons indicate that the S.shibatae protein is only slightly more related to the TBPs of Tceler and P.woesei than it is to the core domain of eukaryotic TBPs (Table  1) . For example, its identities to P.woesei and human are 45.3% and 40.2% respectively. Consistent with Tceler and Pwoesei being relatively closely related, the TBPs from these organisms are 84.9% identical. Interestingly, eukaryotic TBPs display a slightly higher degree ofsequence identity to S.shibatae TBP than to the TBPs ofP.woesei and Tceler. Although this may reflect the fact that Rwoesei and Tceler grow at higher temperatures than S.shibatae, these data are consistent with the suggestion that organisms in the crenarchaeotic branch of the Archaea share relatively more features with eukaryotes than those in the euryarchaeotic branch.
To assess more accurately the evolutionary relationships between the various TBPs, the aligned sequences depicted in Figure IA were used to construct a phylogenetic tree (Fig. 1B) . As expected, the eukaryotic TBPs are closely related to each other. Most importantly, this analysis indicates that the archaeal TBP sequences group together. An attempt to root the tree was made based on the assumption that the two direct repeats arose prior to the divergence of Archaea and Eucarya. This analysis reveals that the root does not lie within the archaeal grouping (data not shown), therefore supporting a monophyletic model for the Archaea and suggesting that TBP was already in existence in the last common ancestor of all Eucarya and Archaea. However, although bootstrap analyses indicate that the archaeal grouping is statistically secure, the relationship between TBPs of S.shibatae and the other Archaea is only marginally greater than the relationship between S.shibatae and eukaryotic TBP proteins.
Since the two related direct repeat elements ofTBP are believed to have arisen through a duplication event, it is enlightening to compare the degree of divergence between the two repeats within various TBP molecules. It is of interest to note that, whereas the fraction of identical amino acid residues between the two repeats of the core domain of human TBP is only 0.27, this value is 0.39 for Pwoesei TBP and 0.48 for Sshibatae TBP (data not shown). Consistent with the strong relationship between the two halves of archaeal TBPs, many archaeal A-box elements correspond to the perfect palindromic sequence TTTAAA (4), suggesting that the two domains of archaeal TBPs may be functionally equivalent. One interpretation for the higher relatedness between the two repeats of archaeal TBPs than between the repeats of eukaryotic TBPs is that the duplication(s) that generated the archaeal TBPs occurred more recently than that which generated eukaryotic TBPs. This proposal is not, however, supported by phylogenetic analyses conducted with the two halves of the S.shibatae sequence (data not shown), which support the contention that a single duplication event occurred in the common Archaeal/Eucaryal ancestor. Instead, these results are consistent with studies on early gene duplications, which have suggested that the evolutionary rate is lower in most Archaea than in Eucarya (for example 26). Archaeal TBPs, and S.shibatae TBP in particular, may therefore resemble closely the TBP molecule present in the last common ancestor of all Archaea and Eucarya.
S.shibatae TBP binds to archaeal A-box elements
The striking homologies between the TBP molecules of S.shibatae and eukaryotes suggests that the S.shibatae protein will interact with the TATA-related A-box elements found upstream of most archaeal genes. To test this prediction, we purified Escherichia coli-expressed TBP to virtual homogeneity ( Fig. 2A) and utilized it in an electrophoretic mobility shift assay (EMSA) using an oligonucleotide containing the A-box sequence (TTrA-TAT) of the S.shibatae 16S/23S rRNA gene promoter. As can be seen from Figure 2B , when recombinant TBP is incubated with this oligonucleotide, a specific protein-DNA complex is formed (lanes 2-4) . A control fraction derived from E.coli containing the parental expression vector does not yield this complex (data not shown). More importantly, the specificity of the interaction was established by the fact that the S.shibatae TBP-DNA complex can be competed effectively by addition of excess unlabelled A-box-containing oligonucleotide (lane 5).
The role of TBP in S.shibatae 16S/23S rDNA transcription Since TBP is an essential component of all three eukaryotic nuclear transcription systems (for reviews see 27,28), we speculated that S.shibatae TBP would play an important role in S.shibatae transcription. To test this prediction, it was necessary to establish a Sulfolobus in vitro transcription system. To this end, we constructed two plasmid templates: one, pAB-4, contains the A-box sequence and the initiator (yR) element of the wellcharacterized strong promoter of the S.shibatae 16S/23S rRNA gene; the other plasmid, pAB-2, contains only the yR sequence (Fig. 3A) . These plasmids were then employed in in vitro transcription studies using S.shibatae cell extracts. In order to detect in vitro-synthesized transcripts and to map the site of transcriptional initiation, we used a 17 base oligonucleotide (T7 sequencing primer) in a primer extension assay with the in vitro-transcribed RNA. Importantly, and consistent with previous observations (12) , these experiments revealed that high levels of transcription are attained in the Sulfolobus in vitro system and that the transcriptional start site employed matches the initiation site for the 16S/23S rRNA precursor in vivo (the initiating guanine residue is indicated by an arrow in Fig. 3A) .
In order to determine whether TBP plays a role in transcription in the S.shibatae system and to ascertain whether such an effect is mediated by it interacting with the A-box sequence, we used anti-TBP antisera to deplete TBP from the S.shibatae extract. Whereas pre-immune sera are unable to remove TBP from S.shibatae cell extracts (Fig. 3B, lane 2) , essentially all of this protein is immunodepleted when an anti-S.shibatae TBP antiserum is used (lane 3). We then compared this depleted extract with undepleted and mock-depleted controls for its ability to direct transcription in vitro. For these studies we employed pAB-4 that contains the A-box and initiator elements of the 16S/23S rRNA promoter and its derivative pAB-2 that lacks the A-box sequence. As can be seen from Figure 3C , the untreated S.shibatae extract transcribes pAB-4 much more strongly than pAB-2 (lanes 1 and 6) . This is consistent with previous reports that archaeal RNA polymerases can weakly recognize promoters that lack A-box elements (12) . Mock-depletion ofthe extract does not lead to reduced transcription of either pAB-4 or pAB-2 (lanes 2 and 7), indicating that the immunoprecipitation incubation conditions do not, in themselves, inactivate any essential transcription factor. Significantly, immunodepletion of TBP was found to have no effect on transcription ofpAB-2, which lacks the A-box element (Fig. 3C, lane 8) , but led to a dramatic reduction in transcription of pAB-4, which contains the A-box (lane 3). Consistent with this decreased transcription of pAB-4 being directly attributable to the removal of TBP, high levels of transcription are restored upon addition of recombinant S.shibatae TBP (lanes 4 and 5). In contrast, TBP addition does not affect transcription of pAB-2 (lanes 9 and 10). Taken together, these results indicate that the S.shibatae transcriptional apparatus can recognize promoters that lack A-box elements weakly and that this low level of transcription is independent of TBP. Furthermore, they establish that S.shibatae TBP is indeed a bona fide archaeal transcription factor and that it functions through A-box sequences that are found upstream of most archaeal genes.
DISCUSSION
In this manuscript we have investigated the transcriptional apparatus of the archaeon S.shibatae by cloning the gene for its TBP homologue. Comparison of the S.shibatae TBP sequence with other TBP sequences strongly supports, but does not prove, a monophyletic model for the Archaea. However, there is a striking degree of divergence between S.shibatae (and, by inference, its crenarchaeotic relatives) and Euryarchaeota such as P woesei and T7celer. This suggests that the archaeal lineage split into the two branches relatively shortly after the common archaeal ancestor diverged from the eukaryotic line of descent.
To study the transcriptional properties of S.shibatae TBP and as a step towards defining in detail the mechanism of transcription and where transcriptional specificity is imparted by a factors that are normally tightly associated with the RNA polymerase (5, 29) . In the light of the similarity between TBP function in Archaea and Eucarya, it is tempting to speculate that other components of the transcriptional machinery might be conserved in structure and in function between these two groups of organisms. Indeed, the cloning of genes for several archaeal RNA polymerase subunits has established that they bear strong resemblance to subunits of eukaryotic RNA polymerases I-III (4). Consistent with our finding that S.shibatae RNA polymerase is able to transcribe the 16S/23S rRNA promoter weakly even in the absence of TBP, previous studies have revealed that purified archaeal RNA polymerases have an intrinsic ability to recognize certain promoters (30,3 1) . This suggests that promoter recognition by the RNA polymerase may be mediated by direct interaction with the weakly conserved B-box sequence that spans the initiation sites of several archaeal genes (12) . Because of the similarities between archaeal and eukaryotic RNA polymerases, it is tempting to speculate that eukaryotic RNA polymerases might interact with initiator elements that have been defined in several class II promoters (32) 27, 28) . Since eukaryotic TAFs appear to play important roles in receiving regulatory stimuli (for example see 35,36) and in mediating recognition of certain promoters (for example see 37, 38) , it is tempting to speculate that multiprotein TBP-TAF complexes might also exist in Archaea. Although this may be the case, unlike the situation in eukaryotes, where TBP-TAF complexes are generally >200 kDa in size, we find that S.shibatae TBP migrates on glycerol gradients in a manner consistent with a molecular weight of -50 kDa (data not shown). This might correspond to a TBP dimer or might represent S.shibatae TBP associated with a small number of TAF polypeptides.
In the eukaryotic RNA polymerase II system, several factors in addition to TBP and RNA polymerase are required for efficient transcription. One factor that is particularly crucial is TFIIB, which stabilizes the binding of TBP to TATA-box elements and serves as a molecular bridge between TBP and RNA polymerase II (for example see 39, 40) . Similarly, the TTFIB-related factor BRF is required to recruit RNA polymerase Ill to class III genes (41) (42) (43) . A TFIIB/BRF-related protein (TFB) has been cloned from Pwoesei (14, 15) and shown to potentiate the association of P.woesei TBP with archaeal A-box elements (17) . Furthermore, we have recently isolated the gene for S.shibatae TFB and have shown that this protein increases the rate of assembly and/or stability of complexes between S.shibatae TBP and DNA (44) . With the availability of a highly efficient S.shibatae in vitro transcription system, it should be possible to ascertain the precise roles played by TBP, TFB and RNA polymerase and to identify other components of the archaeal transcriptional apparatus. 
